Background. There are limited data on clinical outcomes of hepatitis C virus (HCV) infection from low-and middle-income countries. We characterize mortality and liver disease progression in a cohort of people who inject drugs (PWID) with high HCV burden.
Hepatitis C virus (HCV) infection affects 185 million persons worldwide, with the vast majority living in low-and middleincome countries (LMICs) [1] . Hepatitis C virus infection becomes persistent in approximately 75% of those infected and can lead to progressive fibrosis, cirrhosis, hepatocellular carcinoma, and premature mortality. Although newly available direct-acting antivirals have dramatically improved cure rates, especially in individuals with limited disease (>95%) [2] [3] [4] [5] [6] [7] [8] , these will not be accessible to all immediately [9, 10] .
Progression of HCV has been consistently associated with older age at infection, male sex, obesity, insulin resistance and diabetes, heavy alcohol consumption, hepatitis B virus (HBV) coinfection, and human immunodeficiency virus (HIV)-associated immunosuppression [11] [12] [13] . Other more inconsistently associated factors include HCV genotype, cigarette smoking, and cannabis smoking [13, 14] . However, most longitudinal studies have been conducted in high-income settings among white subjects [11] [12] [13] [14] [15] . Little data exist from LMICs and Asian subjects who have different comorbidities, coinfections, and environmental characteristics, all of which may accelerate liver fibrosis progression and/or complicate treatment. Understanding factors associated with disease progression and mortality will be critical for prioritizing treatment.
India has an estimated population prevalence of HCV of 1%-2% [16] . We have previously demonstrated high burden of HCV, HIV, and HBV infection in a cohort of current and former PWID in southern India [17, 18] . In this study, we characterize long-term outcomes of HCV and associated coinfections and comorbidities in this same cohort.
METHODS

Study Population
As previously described, the Chennai HIV, HCV and Eeral (Liver Disease) Study (CHHEERS) was established to characterize the burden and cofactors of liver disease among HIV-and HCV-infected PWID in Chennai, India [18] . In brief, we recruited a convenience sample of PWID through community outreach. Participants had to be ≥18 years old, provide informed consent, report a history of drug injection in the prior 5 years, and have no intention of migrating for 2 years. Between February 2012 and July 2015, 1324 participants were screened, 1062 were eligible, and 1042 were enrolled. In the latter cohort, a convenience sample of 860 (83%) were enrolled in longitudinal follow up, and 778 have thus far completed at least 1 follow-up visit (90.5%). Compared to those enrolled in follow up, those not enrolled were significantly less likely to be infected with HIV and HCV and more likely to report heavy alcohol consumption.
Study Procedures
Human immunodeficiency virus-negative and HIV-positive participants not on antiretroviral therapy (ART) were observed semiannually, and HIV-positive participants on ART had additional quarterly visits. At semiannual visits, participants underwent a blood draw and a questionnaire that collected information on sociodemographics, substance use, and HIV, HCV, and HBV testing and treatment history. A nurse collected information on medications, clinical history, and vital signs, and a physician looked for signs of liver disease, conducted anthropometric measurements, and performed a liver stiffness assessment. At baseline, participants also underwent liver ultrasound for steatosis and a fasting blood draw.
Assessments
Transient elastography was performed using FibroScan (EchoSens, Paris, France) [19] . In brief, this technology involves pulse-echo ultrasonography acquisitions, which measure the velocity of a shear wave propagated through the liver. Results are instantaneously received as a single, quantitative variable of liver stiffness measurement (LSM), reported in kilopascals (kPa). Three operators who were trained and certified by the manufacturer performed assessments with a single device. Examinations with ≥10 discrete valid measurements, success rate ≥60% (number of valid divided by the total number of measurements), and limited variability (interquartile range [IQR] of measures divided by the median value ≤30%) were considered valid [20] . Of the 4666 FibroScan assessments, 4568 (97.9%) were valid. Ultrasound was performed by a radiologist using a high-resolution B-mode ultrasonography system (Logic 400; GE, Milwaukee, WI) as previously described [18] and graded according to standard criteria into mild, moderate, and severe [21] .
Human 
Mortality
Information on death and cause was obtained through reports from other participants and field workers who actively tracked participants within 1 month of a missed visit through locator information. Self-reported information from family or network members (verbal autopsy) was used to classify cause of death; no death registry is available in India. Cause was grouped into the following categories: acquired immune deficiency syndrome (AIDS) related, drug related, accidental, liver related, other chronic disease related, and nonspecific (cause not known).
Statistical Analysis
The mortality analysis included persons enrolled in longitudinal follow up who had a valid baseline LSM (n = 851 [22] [23] [24] . Factors associated with all-cause mortality were examined using Poisson regression. We considered fixed (eg, demographics, liver stiffness at baseline) and time-varying (HIV, HCV, drug, alcohol use, and liver stiffness) covariates. Factors were considered for multivariable models based on prior evidence and statistical associations in univariable models (P < .10). Variables were retained in final models if associated with either outcome at P < .05. Population attributable fractions (PAFs) were calculated for a simplified multivariate model [25] .
To characterize liver disease progression among those with no/mild or moderate stiffness, we used survival analysis methods (n = 663). Persons were observed until they developed the outcome, severe stiffness/cirrhosis (≥12.3 kPA), or were censored at their last study visit. Sensitivity analyses were performed (1) removing the additional quarterly visits for HIV-positive persons on ART, (2) excluding LSM where a concomitant liver enzyme measurement was elevated >200 IU/L, and (3) restricting analysis to only individuals with no/mild stiffness at baseline and defining no/mild stiffness as having 2 LSM < 8.5 kPA. In previous studies, it has been demonstrated that having 2 consistent low measurements is associated with higher negative predictive value [23] . The purpose of this final analysis was to rule out misclassification of disease progression. Analyses were conducted in Stata, version 13.0 (StataCorp, College Station, Texas).
Ethical Clearances
This study was approved by the Johns Hopkins and YRGCARE Institutional Review Boards.
RESULTS
At baseline, the median age was 39. All patients were male, and 55.8% had primary school education or less. Although 94.5% of patients reported a history of injecting heroin, only 14.3% reported injection in the 6 months before enrollment. A total of 90.6% of patients reported a lifetime history of marijuana use, and 95.4% reported a history of cigarette smoking. At baseline, the median number of cigarettes smoked daily was 10; 34.6% reported drinking 7 or more drinks per day, and 53.6% had evidence of alcohol dependence on Alcohol Use Disorders Identification Test (AUDIT). One hundred forty-two (16.7%) patients were infected with HIV, 47.9% of whom were on ART. Three hundred fourteen (36.9%) patients were HCV antibody positive: 78.0% were chronically infected and 11 (3.4%) reported HCV treatment.
At baseline, 609 (71.6%) had no/mild stiffness, 127 (14.9%) had moderate stiffness, and 115 (13.5%) had severe stiffness/ cirrhosis. Those with higher stiffness were older, had longer injection duration, were more likely to have a history of pharmaceutical drug injection, and consumed more alcohol per day (P < .05 for all) ( Table 1) . Those with severe stiffness/cirrhosis were significantly more likely to have chronic HCV and HIV/HCV coinfection (P < .0001). This group was also significantly more likely to have signs and/or symptoms of liver disease, elevated liver enzymes, insulin resistance, steatosis, and lower cholesterol levels. Figure 1A) .
In univariable analysis, mortality was also associated with ongoing drug injection (MRR, 2.71; 95% CI, 1.31-5.59), alcohol dependence (MRR, 2.68; 95% CI, 1.68-4.30) ( (Table 2) . Associations between chronic HCV infection and mortality were attenuated after adjustment for severe stiffness/cirrhosis, which remained an independent predictor (adjusted MRR, 5.46; 95% CI, 3.24-9.20). In a multivariate model that included independent effects of these factors (Table 3) , the PAFs were as follows: active injection drug use (6.3%), alcohol use (32.5%), HIV (32.3%), and cirrhosis (35.3%). The association of HCV with mortality in this model was almost entirely explained by cirrhosis. In a model that did not include cirrhosis, the PAF for HCV was 21.3%.
Liver Stiffness Progression
Over a median of 2.35 years, among 548 of those with baseline no/mild stiffness, 142 (25.9%) had at least 1 subsequent measurement consistent with moderate stiffness and 35 (6.4%) (Table 4) . Among those not HCV coinfected, HIV was not significantly associated with progression risk even among those not on ART (HR, 2.13; 95% CI, .52-8.68). Risk was elevated among those with chronic HCV and was comparable among those who were HIV uninfected (HR, 4.26; 95% CI, 2.50-7.26), HIV infected not on ART (HR, 3.95; 95% CI, 1.70-9.14), and HIV infected on ART (HR, 5.49; 95% CI, 2.74-11.0). The risk of progression also increased with higher baseline stiffness (HR, 1.61; 95% CI, 1.44-1.79). In multivariable adjustment, all associations persisted. Moreover, after adjustment, the association between alcohol dependence and cirrhosis risk became statistically significant (HR, 2.14; 95% CI, 1.22-3.75). These associations were attenuated after adjustment for baseline stiffness measures, and associations rendered with BMI and alcohol use were nonstatistically significant. Results were similar in all sensitivity analyses (Supplementary  Tables) .
DISCUSSION
In this relatively young population with high HIV and HCV prevalence and substantial liver disease burden, we observed high mortality over a relatively short period of time. Moreover, in this same time span, a large proportion of individuals with mild stiffness appeared to experience at least some disease progression. We identified several modifiable and nonmodifiable factors associated with both mortality and disease progression reflecting a combination of behavioral factors and disease status.
Longitudinal cohorts characterizing clinical outcomes among PWID derive primarily from the United States and Western Europe. In a meta-analysis of 67 cohort studies of PWID, 14 of which were from LMICs [15] , mortality was 2.35 per 100 PY and mortality among PWID was approximately 15 times higher than comparable general population settings. Cohorts from Asia demonstrated the highest mortality at 5.25 per 100 PY [15] . Although AIDS and drug overdose represented the primary drivers of mortality [15] , non-AIDS mortality was higher among LMIC than non-LMIC settings; however, only 5 studies from LMICs had cause of death data [26] . In a previous study, we demonstrated that mortality among a cohort of PWID in Chennai, India from 2005 to 2008 was 4.25 per 100 PY [27] . In this prior cohort, mortality risk was overwhelmingly driven by HIV infection; those with a CD4 < 200 cells/mm 3 had mortality rates that were 34.5 times higher than those who were HIV-uninfected. Seven years later in a comparable cohort, mortality has not declined appreciably and drug use and HIV infection remain important drivers; however, we are now seeing increased mortality associated with HIV/HCV coinfection and alcohol use. Overall, 51.3% of those with a CD4 < 350 cells/mm 3 (current eligibility threshold for India) reported using ART. Mortality risk for those on ART differed by whether individuals were HCV coinfected. On the one hand, those without HCV had comparable mortality rates with those who were HIV/HCV uninfected. On the other hand, those on ART with HCV coinfection had a >4-fold increased mortality risk-a risk that was comparable to HIV monoinfected persons not on ART. Efforts need to continue to focus on engaging and retaining PWID in HIV care through strategies such as patient navigators, incentives, and other supportive interventions. However, these data suggest that even if ART access improves, mortality will remain elevated among those with HIV/HCV coinfection in the absence of efforts to reduce HCV burden. Some of this association between HIV/HCV and mortality was explained by higher prevalence of severe stiffness/cirrhosis. Not surprisingly, severe stiffness/cirrhosis was associated with higher mortality risk as was moderate stiffness at baseline, in part due to high risk of progression to severe stiffness/cirrhosis among this group. Moreover, hepatitis C treatment in this cohort was negligible. In India, as in many countries, access to curative therapies remains challenging. Sofosbuvir, ledipasvir, and daclatasvir are licensed in India, and generic versions are being produced by pharmaceutical companies. The cost of therapy, although lower than that in developed country settings (approximately $1000), is still too high for most. Although the Indian government provides free ART, there are no systems in place to provide free HCV therapy.
Hepatitis C virus treatment will be critical for those who have already progressed to severe stiffness/cirrhosis. However, the fact that even those with moderate stiffness had elevated mortality is concerning. Overall, 38% of those with moderate stiffness at baseline had evidence of progression to severe stiffness/ cirrhosis, and 28% of those with mild stiffness at baseline had evidence of progression to moderate or severe stiffness/cirrhosis. There are few longitudinal data on liver stiffness, particularly from LMICs [28] , but our data are suggestive of more rapid disease progression in some subgroups than what has been seen in developed settings. In studies among persons infected with HCV or HBV in Europe, progression ranged from 11% to 17.5% over 4-5 years [29] , which is substantially lower than that found in our study. Although some of this progression might reflect misclassification of initial disease status, it still points to a substantial disease burden.
Aside from HIV and HCV, a key driver of adverse outcomes in this cohort was alcohol use. We have previously demonstrated declines in drug injection in Chennai with reciprocal increases in alcohol use [30] . The burden in this population is striking; 53.6% had evidence of dependence, and 34.6% reported drinking >7 drinks per day at baseline. Across follow up with repeated counseling on the harms of alcohol use, 41.9% of those with evidence of dependence at baseline reported some reduction in intake. However, relapse into dependency was not infrequent. At the most recent follow-up visit, 7.3% of patients reported alcohol dependence and 7.8% reported drinking more than 7 drinks a day. Additional efforts are clearly needed to promote sustained reductions in alcohol use particularly among those with HCV infection. Even with expanded HCV treatment, persons will still be at risk for adverse outcomes if they do not reduce alcohol intake.
Several limitations should be acknowledged. Approximately 10% of individuals enrolled in the longitudinal follow-up component of this study were lost, and there were differences in those lost with respect to HIV and HCV status and alcohol use, factors associated with mortality and disease progression. However, these rates (approximately 5% per year) are comparable to other PWID cohort studies, and there did not appear to be differences with respect to the stage of liver disease among those who were lost versus those who had some follow up. Misclassification of liver stiffness is also possible given that we did not have biopsies for confirmation and that we observed substantial progression particularly among those with moderate stiffness at baseline. However, sensitivity analyses that focused on those with no/mild stiffness at baseline revealed comparable results. FibroScan has been validated previously in India [24, 31, 32] ; moreover, the strong associations between increasing stiffness and mortality represent further validation. We did not have information on HCV genotype infection, and although we have previously demonstrated a predominance of genotype 3 infection in a comparable cohort in India, it is unclear whether the genotype of infection is somehow related to progression [33] . Finally, we did not have complete data on cause of death because no death registries are available in India. Moreover, because there are limitations to using verbal autopsy to define cause, the data on cause of death should be interpreted with caution.
CONCLUSIONS
In conclusion, we observed significant mortality in this cohort of PWID that was primarily driven by untreated HIV, HIV/ HCV coinfection, and alcohol use. Efforts are needed to engage PWID in HIV care and treatment. However, in the absence of HCV treatment, morbidity and mortality outcomes are unlikely to improve dramatically for persons coinfected with HIV and HCV.
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